Abstract Two new chiral glucopyranoside-based crown ethers incorporating acridine fluorescent signalling units, 15-membered ligand 1 and 21-membered ligand 2 were synthesized. Their complexation properties toward alkali and alkali earth metal ions, and their enantioselectivity towards chiral ammonium salts were studied by absorption and fluorescence spectroscopic experiments. Macrocycle 1 formed 1:1 complexes with all the metal ions selected and the stability constants were low (lg K \ 2.3). The cavitysize of 2 allowed only the complexaton of organic ammonium ions. Crown 2 showed chiral discrimination in case of all the four ammonium salts used as model guest compounds; the highest enantioselectivity (K(R)/K(S) *3) was observed for the enantiomers of phenylethyl ammonium perchlorate. Ligand 2 forms much more stable complexes with metal ions; the highest stability constant was obtained for the Ca 2? complex (lg K = 6.15). The coordination of metal ions by ligand 2 was accompanied by marked fluorescence enhancement, whereas the binding of ammonium ions by the same species resulted in significant fluorescence quenching.
Introduction
Recently, much research efforts have been devoted to the development of chiral fluorescent hosts, suitable for the discrimination of the two enantiomers of small chiral guests, as they can be used for the real-time monitoring of the formation/conversion of chiral reaction components [1] [2] [3] [4] [5] [6] . These synthetic receptors comprise a binding unit, a stereogenic center and a fluorophor signalling unit. Chiral fluorescent crown ethers form a promising class of such type synthetic receptors. In the examples reported so far, the crown ether either contains asymmetric C atoms [7] [8] [9] , or it incorporates a BINOL group [10] [11] [12] [13] , the latter may also function as a chromophor/fluorophor unit [10] [11] [12] .
In the present work our aim was to synthesize a sugarbased fluorescent crown ether and to characterize its performance as a chiral molecular sensor by optical spectroscopic experiments. Macrocyclic compounds containing carbohydrate subunits have been prepared in a growing number [13] [14] [15] [16] [17] [18] [19] [20] . A few representatives showed significant asymmetric induction as chiral phase transfer catalysts in asymmetric reactions [21] . Only a few sugar-based chiral crown compounds displayed an enantiomeric discrimination ability against chiral ammonium compounds in solutions [22] . To the best of our knowledge, no sugar-based fluorogenic crown ether has been described that was found suitable for fluorescence studies.
The two new sugar-based macrocycles-the 15-membered acridino crown 1, and its 21-membered analogue 2-are shown in Fig. 1 . We chose acridine as the fluorescent signalling group, since the acridino crown ethers described in a recent study [7] were found to exhibit significant changes in their fluorescence spectra upon the binding of ammonium ion guests. Besides, the incorporated acridine unit was expected to increase the selectivity of the complex formation, as it can contribute to the host-guest interaction via hydrogen bonding, p-p stacking (in case of aromatic amine guests) and steric repulsion [23, 24] . Finally, macrocycles with a polycyclic aromatic unit (like acridine) incorporated are more rigid, improving their selectivity [25, 26] . As some acridino-crown ethers were reported to be efficient fluoroionophores for the detection of various metal ions [27, 28] , the metal ion complexation of 1 and 2 have also been investigated in the present study.
Experimental

General
Melting points were taken on using a Büchi 510 apparatus and are uncorrected. Optical rotations were measured with a Perkin-Elmer 241 polarimeter at 20°C. 1 H and
13
C NMR spectra were recorded on a Bruker 300 and a Bruker DRX-500 or a Varian Inova 500 instrument in CDCl 3 with TMS as the internal standard or in DMSO-D 6 . The exact mass measurements were performed using a Q-TOF Premier mass spectrometer (Waters Corporation, 34 Maple St, Milford, MA, USA) in positive electrospray ionization mode. Analytical and preparative thin layer chromatography was performed on silica gel plates (60 GF-254, Merck), while column chromatography was carried out using 70-230 mesh silica gel (Merck). Chemicals were purchased from Aldrich Chem. Co.
UV-Vis spectra were taken on a photodiode array Agilent 8453 spectrophotometer. Fluorescence spectra were recorded on an Edinburgh Instruments FLS920 spectrofluorimeter. Both the emission and excitation spectra were corrected by the software of the spectrometer. Quartz cuvettes with a path length of 1 cm were used. The concentrations of ligands were 20 lM in general, but 5 lM when titrated with protonated naphthyl-ethyl amine (NEA).
Preparation of 3-methoxy-2-nitrobenzoic acid (4)
To 3-methoxybenzoic acid 3 (40.0 g, 0.26 mol) was added 65 % HNO 3 (260 ml) under intensive stirring. Then, cc. H 2 SO 4 (4 ml) was added dropwise and the well-stirred mixture was heated to 45°C. After the reaction started, the temperature was kept at 40°C for 4 h. Water (300 ml) was added, and the mixture was filtrated. The precipitate was washed twice with hot anhydrous EtOH (2 9 70 ml) and the residue was recrystallized from EtOH (150 ml) to give 4 (10.4 g, 21 %) as yellow crystals. mp: 248-250°C; (lit. [29] Preparation of N-(2-methoxyphenyl)-3-methoxyanthranilic acid (7) 2-Amino-3-methoxybenzoic acid 5 (20.7 g, 0.12 mol) and 2-bromoanisole 6 (16.8 ml, 0.14 mol) were dissolved in anhydrous 2-ethoxyethanol (80 ml), then powdered anhydrous K 2 CO 3 (16.6 g, 0.12 mol), copper powder (0.18 g, 2.8 mmol) and copper (I) oxide (0.18 g, 1.6 mmol) were added, and the mixture was stirred vigorously under argon for 10 min, then refluxed for ca. 150 h until the starting material disappeared (TLC). The solvent was evaporated and the residue was taken up in a mixture of 600 ml diethylether and 600 ml 1 % aqueous NaOH. The aqueous phase was extracted with diethylether (2 9 200 ml), and the combined organic phase was discarded. Charcoal (3.0 g) was added to the aqueous phase and the suspension was boiled for 15 min. Then the mixture was filtrated and the filtrate cooled to 0°C in an ice-water bath. Glacial Preparation of 4,5-dimethoxyacridin-9(10H)-one (8) N-(2-Methoxyphenyl)-3-methoxyanthranilic acid 7 (5.7 g, 21.0 mmol) was dissolved in cc H 2 SO 4 (40 ml) and the mixture was stirred at 100°C for 1 h. The warm mixture was slowly poured into 200 ml water, and the resulting slurry was stirred for 30 min. The slurry was cooled to 0°C in an ice-water bath and kept at this temperature for 2 h. The precipitate was filtered, washed with water, then dried (Na 2 SO 4 ). The crude product was recrystallized from glacial acetic acid to give product 8 (3. Preparation of 4,5-dihydroxyacridin-9(10H)-one (9) In a three-necked round-bottomed flask equipped with a thermomether and a distillation head pyridinium chloride (95.0 g, 0.82 mol) was placed and melted by heating to 160°C, then 4,5-dimethoxyacridin-9(10H)-one 8 (7.5 g, 29.4 mmol) was added, and the mixture was stirred at 220°C for 2 h. The reaction mixture was poured into 1,000 ml ice-cold water and was stirred at 0°C for 1 h. The precipitate was filtered off, washed with water (3 9 50 ml), dried (Na 2 SO 4 ) and recrystallized from DMF to give product 9 (3.7 g, 55 % Preparation of 4,5-dihydroxyacridine (10) 4,5-Dihydroxy-acridine-9-(10H)-one 9 (1.0 g, 4.4 mmol) was dissolved in boiling n-propanol (50 ml) and the solution was allowed to cool to 90°C. Sodium (3.0 g, 130.0 mmol) was added to the mixture in small portions under Ar gas. The solution was stirred at 90°C for 1 h, then was allowed to cool to room temperature and water (10 ml) was added dropwise. Calculated amount of 10 % aq. HCl was added, and the pH was set to 7-8 using solid NaHCO 3 . The precipitate was filtered off, and crystallized from aqueous ethanol to give product 10 (0.35 g, 38 %). 1 
Preparation of Crown ether 1
To a solution of 4,5-dihydroxyacridin-9(10H)-one 9 (1.0 g, 4.4 mmol) in anhydrous DMF (50 ml), powdered anhydrous Na 2 CO 3 (1.9 g, 17.6 mmol) was added, and the mixture was stirred under argon for 10 min. Then glucose derivative 11 (3.0 g, 4.4 mmol) in dry DMF (20 ml) was added. The mixture was stirred at 60°C for 50 h, then the solvent was removed. The residue (12) was dissolved in boiling n-propanol (55 ml), and metal sodium (3.5 g, 0.15 mol) was added under argon gas in small portions. The mixture was refluxed for 30 min, and after cooling to 25°C, water (15 ml) and 10 % aqueous HCl (50 ml) were added, then the pH was set to 7-8 with solid NaHCO 3 . The mixture was poured into CH 2 Cl 2 (50 ml), the phases were separated, and the aqueous phase was extracted with CH 2 Cl 2 (3 9 40 ml). The combined organic phase was dried (Na 2 SO 4 ) and after removal of the solvent, the residue was purified by column cromatography (silica gel, eluent CHCl 3 ) to give crown ether 1 ( 
Results and discussion
Synthesis
Key intermediate of the synthesis is 4,5-dihydroxyacridine 10, that was prepared in a 6-step reaction sequence (Scheme 1). Compound 10 has been described, but the synthesis was modified and the spectral characterization was completed by us.
In the nitration of 3-methoxybenzoic acid (3) with nitrous acid 3-methoxy-2-nitrobenzoic acid (4) was a minor component that could be separated from the mixture on the basis of its poorer solubility in a modest yield [29] . Catalytic hydrogenation of nitro compound 4 using Pd/C at 25°C a slight pressure furnished amine 5 in almost a quantitative yield. The 2-amino-3-methoxybenzoic acid (5) was reacted with o-bromoanisol (6) in the presence of potassium carbonate, copper powder and copper(I) oxide heated in dry 2-ethoxyethanol to give a diarylamine derivative 7 described earlier [31] in a better yield of 73 %. The latter acid (7) was then converted to dimethoxyacridone 8 by intramolecular cyclization using conc. H 2 SO 4 (without polyphosphoric acid) at 100°C. Our method represents a modified synthesis. Cleavage of the O-methyl group using pyridinium chloride at elevated temperature in melt afforded 4,5-dihydroxiacridin-9(10H)-one 9 in a yield of 55 % [31] . This intermediate (9) was already suitable for ring closure with glucose-based ditosylate 11. Our original goal was the synthesis and spectral characterization of macrocycles acridonon 12 and acridine 1. It became clear only in a later stage that compound 12 was not suitable for our study as a consequence of its poor solubility. Acridine 10 was formed in the reaction of compound 9 with sodium in boiling n-propanol in a yield of 38 %. The synthesis of The chiral macrocycle 12 containing the acridinone ring system was prepared by the condensation of glucose-based diolditosylate 11 and 4,5-dihydroxyacridinone 9 at 70°C in dry DMF in the presence of sodium carbonate (Scheme 2). Glucose-based ditosylate derivative 11 was prepared according to our previously reported method [32] . Due to the low solubility of acridinone 12 it could not be prepared in a pure form. For this, crude 12 was used in the next step. The reduction of the carbonyl group was performed on the basis of an analogy from the literature [31] using sodium in boiling n-propanol. The overall yield of the two steps was 42 % for 1. The analogous chiral sensor 2 with a larger ring size was prepared as shown in Scheme 3.
The 21-membered glucose-based macrocycle 2 was prepared by the condensation of chiral bisiodo compound 13 and acridine-4,5-diol 10 at 80°C in the presence of K 2 CO 3 in DMF. After a reaction time of 60 h, macrocycle 2 was obtained in a yield of 67 %. Bisiodo intermediate 13 was prepared according to our previously reported method [18] .
In the course of the synthesis of acridine ligands 1 and 2, the progress of the reaction was monitored by thin layer chromatography (TLC) and a very intense blue fluorescent spot appeared on the silica gel TLC plates. It is worth mentioning that the two newly prepared crown ethers have different direction of the optical rotation. Crown compound 1 may be regarded to have an anomalous optical rotation, as the rotation of the a-D-glucopyranoside-based macrocycles, in most cases, have had a positive sign.
In the following stage, the complexation of alkali and alkali metal ions, as well as chiral amines (in the form of perchlorate salts) was studied in acetonitrile, by measuring the variations of the absorption and fluorescence spectra of the 10 -5 M solutions of the crown ethers upon the addition of the guest ions in different concentrations. In general, the fluorescence spectra were found much more sensitive to the concentration of the added guests than the absorption spectra. The stoichiometries and stability constants of complexes were determined from the fluorescence spectra by global nonlinear regression analysis, using the leastsquare method approximation. Metal ion complexation Significant changes in the spectra of the 15-membered crown 1 were observed only when the salts had been added in large (*10 1 -to 10 3 -fold) excesses. As is illustrated in Fig. 2 , the binding of the metal ions was accompanied by red shifts and distortion of the absorption and fluorescence bands, the fluorescence intensities showed only minor changes. The relatively largest shifts were observed in the presence of Mg 2? and Ca 2? ions. A global fitting of the fluorescence spectra proved the 1:1 stoichiometry of all the complexes formed, the association constants were found low (\200 M -1 , see Table 1 ). The 21-membered crown 2 was found a much more sensitive sensor for metal ions. Its visible absorption and fluorescence bands were also shifted to the red upon complexation, but, in contrast to 1, the metal binding by 2 was associated with significant fluorescence enhancement (see Figs. 3 and 4) . It was established by the global fitting of the fluorescence spectra that the Li, Na, Mg, Ca and Sr complexes of 2 had 1:1 stoichiometry, whereas the spectra of the mixtures of 2 with BaClO 4 ions could be described in terms of the simultaneous formation 1:1 (BaÁ2) and 1:2 (BaÁ2 2 ) complexes. The stability constants (see Table 1 ) were substantially higher for 2 than for 1, in particular in case of CaÁ2 and SrÁ2, where the K values were larger than 10 6 M -1 .
Enantiomer recognition
The enantioselectivity of the two hosts was tested by comparing the spectral changes induced by the addition of the enantiomer pairs of the chiral ammonium salts (R)/(S)-PEA, (R)/(S)-NEA, (R)/(S)-PAMA and (R)/(S)-PGME (see Fig. 5 ). Ligand 1 showed only small changes in the presence of the amine guests, not allowing a quantitative , respectively evaluation. In contrast, the similar spectra of 2 showed distinct changes-red shifts of the lowest energy absorption and the fluorescence bands and a marked quenching of fluorescence as the concentration of the ammonium salt was increased (see Fig. 6 ). Besides, the calculated stability constants (see Table 2 ) proved a clear enantiodiscrimination in the case of all the four guest pairs, the highest selectivity was found in its reactions with PEA, where the ratio of the association constants was
The opposite changes of the fluorescence intensity of 2 enhancement in the presence of metal ions, reduction in the presence of ammonium ions is an interesting feature of this ligand and can be interpreted in terms of the different nature of the molecular interactions in the two types of complexes. A number of chemosensors have been reported consisting of an acridine signalling group, and a coordination sphere involving one or more amino or amide groups attached directly, or via one methylene group to the acridine ring. A few of these sensors have been found to show a spectacular fluorescent enhancement upon the binding of selected metal ions [33] [34] [35] and amino acids [36] . This 'turn-on' behavior is explained in terms of the suppression of a quenching mechanism in the complex, a photo-induced electron transfer [37] (PET) that takes place from the amino (amide) nitrogen atom to the ring nitrogen in the free ligand. Such a PET effect can not be expected from 2, with the weaker electron donor oxygen atoms attached to the 2 and 9 positions of the acridine unit. Yet, the fluorescence enhancement as well as the red shift of the fluorescence band, induced by the metal ions are significant, in particular in case of Ca 2? . These spectral changes are similar to the changes in the fluorescence spectrum of acridine upon protonation [38, 39] , and are presumably due to coordination of the metal ions by the aromatic nitrogen (besides the crown oxygens), which led to a considerable perturbation of the lowest electronic states of the acridine fluorophor.
In contrast, the ammonium complexes of 2, held together by different type intermolecular forces (hydrogen bonds, p-p stacking), showed fluorescence quenching.
A few 1 H NMR experiments (in CDCl 3 , 500 MHz) were carried out to prove the complex formation and the enantioselectivity. Comparing the spectra of (S)-PEA*HClO 4 , crown ether 2, the complex of (S)-PEA*HClO 4 with 2 (molar ratio 1:1) and the complex of (R)-PEA*HClO 4 with 2 (molar ratio 1:1) one can say the following. In each complex of crown ether 2, the ammonium cation proton signals of the PEA were shift from 6.50 to 8.40 ppm (Dd = 1.90 ppm), whereas the CH 3 proton signals in the complex of (S)-PEA*HClO 4 with 2 underwent a significant upfield shift from 1.62 ppm to 1.26 ppm (Dd = 0.36). The same methyl protons in the complex of (R)-PEA*HClO 4 with 2 was shift significantly from 1.62 to 1.13 ppm (Dd = 0.49). Other changes in respect of chemical shifts could not be observed due to the overlap of the signals. It appears that the changes of the shifts of CH 3 (PEA) signals in the 1 H NMR spectra of the complexes may be a suitable indicator for the enantioselectivity.
Conclusion
The glucose-based 21-membered crown ether (2) showed a promising performance as a chiral fluorescent sensor molecule, its chiral discrimination ability was similar to that of various other crown ethers with C or P stereogenic centers [40] . Due to the incorporation of the rigid acridine unit in the crown ring, the stability values for the complexes of 2 with the ammonium ions were higher than most of the values reported for more flexible crowns. As another consequence of the higher rigidity of our acridino crowns, only the 21-membered crown complexed ammonium ions, the 15-membered analogue was not able to do so. The enantioselectivity can be indicated in the 1 H NMR spectra of the complexes forming from PEA*HClO 4 with crown ether 2.
